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Abstract 
 
An innovative yet simple technique for the inoculation of the weld pool of commercial 
AISI 430 Ferritic Stainless Steel (FSS) with metal powders for grain refinement is 
discussed. Aluminum or titanium powder in varying amounts introduced into the weld 
pool via powder preplacement technique was melted under a tungsten inert gas (TIG) 
torch. This strategy of inoculating the welds offers dual benefits of grain refinement and 
constriction in the weld geometry. The addition of the metal powders constricts the 
HAZ by as much as 50% of the conventional weld providing a grain refinement index 
(GRI) of about 0.8 in titanium powder treated welds. It equally emerged that weld 
property is not influenced by the grain size alone but equally by the amount of delta 
ferrite in the microstructure. 
 
Keywords: Delta ferrite, elemental metal powder, ferritic stainless steel welds, grain 
refinement index, preplacement technique, tungsten inert gas torch melting 
 
Introduction  
Nickel free FSS are attractive alternative to the expensive austenitic and duplex grades 
in chloride and caustic environments due to their excellent stress corrosion cracking, 
pitting and crevice corrosion resistances in these environments (Wing, Song, Sun, Li & 
Zhai, 2009). In certain instances, they provide high temperature oxidation resistance 
comparable to the austenitics (Anbazhagan & Nagalakshmi, 2002). Recently, the 
ferritics have also received attention consequent upon their superior performance under 
irradiation (Silva, Lima & Campos, 2007). Thus, they are suitable for application in heat 
transfer systems, condenser tubing for fresh water plants, railway vehicle and several 
other areas. However, hitherto, the wide application of the ferritics in areas that requires 
welding has been very low. This is because the welding of the ferritics particularly the 
first generation grades is associated with many problems. These problems include lower 
mechanical property in the weld section as well as increased susceptibility to 
intergranular corrosion due to precipitation of grain boundary chromium carbides. The 
loss in mechanical property is due to the combined effect of grain coarsening and higher 
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hardness in the weld zone owing to the influence of the welding heat (Amuda & 
Mridha, 2010; Amuda & Mridha, 2011). 
 
Though, the austenitics also experience grain coarsening, the level is higher in the 
ferritics; at times, it can be as high as ten order of the grain size of the base metal 
(Lippold & Kotecki, 2005). Extensive grain growth occurs in the HAZ of the weld, 
impairing the load bearing strength of the joint. Weld section with equiaxed grains 
exhibit excellent mechanical properties (Mohandas & Reddy, 1997). It follows therefore 
that mechanical properties of welded ferritics can be improved if refined and equiaxed 
grains are formed in the weld section. Furthermore, equiaxed grains also assist in 
reducing solidification cracking in the welds (Reddy & Meshram, 2006).  
 
There are many techniques of grain refinement in fusion welds. However, the 
conventional technique of post weld thermal treatment is not feasible in the FSS grade 
due to the absence of phase transformation or allotropic modification in the alloy 
(Reddy & Meshram, 2006). Other techniques such as low energy input, inoculation with 
heterogeneous nucleants, gas tungsten arc (GTA) pulsing, oscillation and 
electromagnetic stirring as well as addition of elemental powder in electrode flux 
coatings are useful for refining weld grains. A review on these procedures is available in 
the literature (Amuda & Mridha, 2010). Attempts have been made to refine grain 
structure in FSS welds by the addition of elements that have similar atomic diameter to 
iron such as Al, Cu and V with promising findings (Cavazos, 2006).   
 
The use of regulated energy input in the form of current pulsing which has been 
reported (Anbazhagan & Nagalakshmi, 2002) showed that the use of pulsing technique 
refined the grain size by as much as 75 percent leading to an improvement of about six 
percent in ductility. Reddy and Meshram (2006) employed magnetic arc oscillation to 
refine the grain structure in FSS welds. They reported appreciable improvement in 
fusion zone tensile properties due to reduction in the welds grain size. Villafuerte, Pardo 
and Kerr (1990) also reported the formation of equiaxed grain in GTA welded FSS 
containing different amounts of aluminum and titanium under different conditions of 
energy input and welding speeds. They observed that the formation of equiaxed grains 
in the welds is favored by increases in welding speeds as well as in the amount of 
titanium and aluminum. However, the material used was experimental steel and as such 
the titanium and aluminum were constitutive rather than elemental. The use of enhanced 
convective flow in the weld pool via liquid metal chilling has equally been reported to 
lead to grain refinement in FSS welds (Villafuerte, Kerr & David, 1995).  
 
Mohandas, Reddy and Naveed (1999) evaluated GTA and shielded metal arc (SMA) 
welds of AISI 430 FSS and observed greater ductility and strength in the GTA welds 
compared to those of SMA. This observation was attributed to the equiaxed morphology 
of the fusion zone grains in the GTA welds. In another study, superior grain refinement 
in friction welded FSS relative to the fusion welded has been reported (Sathiya, 
Aravinda & Noorul Haq, 2007). In friction welding, the heat input is not high enough to 
cause melting but sufficient to ensure plastic flow of the mating surfaces through which 
the joining is accomplished.  
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It flows from the works of Anbazhagan and Nagalakshmi (2002), Reddy and Meshram 
(2006)[12], Villafuerte et al. (1990), Mohandas et al. (1999) and Sathiya et al. (2007) 
that ensuring net low energy input and transfer dynamics in fusion welding process 
minimizes grain growth in FSS welds. This may be achieved by controlling the 
proportion of the heat input that is actually delivered to the workpiece or enhancing the 
solidification process by artificially agitating the weld pool. Magnetic stirring and liquid 
metal chilling provide enhanced convective fluid flow in the weld pool for the 
refinement of the weld grains (Villafuerte et al., 1995). Equally, Mridha and Amuda 
(2011) reported appreciable grain refinement in GTA melted AISI 430 FSS welds using 
cryogenic cooling resulting in almost 80% improvement in the ductility. While these 
efforts take care of the energy transfer dynamics during solidification, they virtually 
have no effect on the effective energy input into the workpiece. 
 
The additions of alloying elements such as titanium, aluminum and copper have been 
reported with grain refining capability in FSS welds (Villafuerte et al., 1990; Mohandas 
et al., 1999). These elements are added as elemental powder in electrode flux coatings 
for welding process using consumable electrode. The elements act as heat sink and 
serves to control the energy input into the weld as well as acting as nucleation sites for 
the initiation of solidification in the welds. These mechanisms enable the formation of 
equiaxed grains leading to improved mechanical properties. Alternatively, this could 
also be achieved using FSS with constitutive composition containing these elements. 
FSSs of this nature are referred to as experimental steel.  
 
The elemental powder addition through electrode flux coating is appropriate for non-
autogenous process such as the SMA welding but not applicable to autogenous non-
filler process like the GTA welding. On the other hand, experimental steels are quite 
expensive and may result in material wastage since only a small portion of the 
workpiece is affected by the welding heat; and as such only this region is expected to 
experience grain coarsening. This calls for an innovative, simple, yet effective technique 
for the introduction of these elements into the weld pool produced via GTA melting. 
Such technique will ensure that only the joint region is treated with the metal powder 
leading to economical use of the grain refining metal powders.  
 
Virgin elemental powder addition via a delivery system is a well established procedure 
in laser melting for surface engineering and welding to control microstructure and 
properties of laser treated materials (Braun, 2006). Literature is scarce on the 
application of this technique to control grain structure in GTA welding process. Hence, 
in the present work, elemental metal powder was introduced onto the substrate of AISI 
430 FSS and arc melted with GTA torch. The elemental powders used are titanium, 
aluminum and mixture of them.  
 
The focus of this present work is to achieve grain refinement in medium chromium FSS 
welds via elemental metal powder preplacement technique in autogenous GTA welding 
process. The success of this effort will provide incentives for consolidation work on 
improving the after-weld properties of the first generation ferritics and ultimately 
widens the use of this grade in engineering applications.  
 
Experimental Work 
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The material used for the investigation was medium chromium FSS conforming to AISI 
430 commercial grade. The chemical composition of the material together with its grain 
size and some mechanical properties is given in Table 1. The 1.5 mm thick FSS sheet 
was cut into pieces of dimensions 150 mm x 90 mm. The specimen was pre-cleaned in 
acetone in a Branson 2500 ultrasonic cleaner for 5 minutes while the surface of the 
substrate was prepared to accept the metal powder by roughening with 300 grit size 
silicon carbide paper. A paste containing different amount of the metal powder was 
prepared in a solution of polyvinyl alcohol (PVA) organic binder. The preparation 
details are provided elsewhere (Amuda & Mridha, 2017). 
Table 1 Determined chemical composition and characteristics of base metal AISI 430 
ferritic stainless steel  
 
Direct current automatic GTA welding machine was used to deposit autogenous single 
pass full penetration bead-on-plate welds on the prepared coupons of the base metal in 
argon gas shielded environment. A Box-Behnken experimental design was used with 
current, arc transverse speed and amount of powder as the primary variables while 
powder type was used as categorical variable. The details of the experimental set-up and 
the process variables were discussed in a previous publication (Amuda & Mridha, 
2017). However, the melting condition is provided in Table 2 while the experimental 
set-up for the powder preplacement technique is shown in Fig.1. 
 
Table 2 Melting Conditions  
 
Process DCEN straight polarity full bead on plate penetration GTA 
weld 
Position Flat 
Melting Conditions 
Current   
Voltage 
Speed  
Arc length  
Elemental Powder  
Torch orientation 
Electrode configuration 
 Electrode stick-out 
 
 70, 90, 110A 
 30V 
2.5-3.5 mm/s 
1.5mm 
Al (0.08-0.16), Ti (0.18-0.39), Al+Ti (0.26-0.55) mg/mm2 
Vertical 
2.44mm W-2 pct. Th., 600 cone included angle 
3mm 
Shielding environment 99.9 pct argon at a flow rate of 0.72L/min 
 
 
	
	
Material 
Spec. Composition Grain Size 
(µm) 
Mechanical Properties 
AISI 430 C Cr Si Mn P S Fe 
UTS 
(MPa) 
EL % Hardness  
(VHN) 
0.12 16.19 0.75 1.0 0.04 0.30 Balance 5 432 26 167 
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Insert Fig. 1 here 
Specimens for metallographic examination were sectioned using electrical discharge 
machining (EDM) in direction normal to the weld interface and prepared for 
microstructural observation through conventional metallographic technique. Detailed 
examinations of the microstructure were made using Nikon Epiphot 200 light optical 
microscope incorporated with IMT image analysis software. JEOL JSM 5600 scanning 
electron microscope was used for fractography examination. Shimadzu XRD 6000 
diffractometer was used to identify the phases present in both the base metal and weld 
section. 
 
Mitutoyo MVK-H2 Vickers digital microhardness machine was used for measuring the 
hardness of the weld section at a test load of 500 gf for a dwell time of 10s in both the 
transverse and thickness sections of the weld.  
Tensile test specimens (Fig. 2) were prepared from the FSS welds using EDM wirecut. 
Transverse tensile test was conducted on three samples at room temperature on 
Shimadzu Trapezium AGX-250 electro-mechanically controlled universal testing 
machine at a cross head speed of 5 mm/min. 
 
Results and Discussion 
 
Macrostructural Features of the Welds 
 
The topographies of the welds produced with different metal powder addition at an 
energy input of 452J/mm shown in Fig. 3 along with that of the conventional weld 
processed at the same energy input condition reveals narrower width in the metal 
powder treated welds compared to the conventional weld. The weld surface is generally 
smooth in aluminum treated weld whereas those treated with titanium exhibits surface 
blisters. Furthermore, the surface of titanium treated weld is rough with discontinuous 
tracks and cracks. Similar surface characteristic and strong tendency to crack was 
reported in titanium clad plain carbon steels (Sarker, 2010). 
 
Insert Fig. 2 here 
 
 
  
Insert Fig. 3 here 
 
The macrostructures of the conventional welds produced with different energy inputs 
shown in Fig. 4, indicate that the grain morphology is influenced by the condition of the 
energy input. For instance, at an energy input less than 452J/mm the grain structure is 
predominantly equiaxed (Figs. 4(a)-(c)) and became columnar grains (Figs. 4(d)-(f)) at 
an energy input of 452J/mm or above. The figure equally show that the weld width 
increased with increasing the energy input. 
 
Insert Fig. 4 here 
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The macrostructures of the welds processed under different concentrations of metal 
powders shown in Figs. 5-6 indicates that the melt pool cross section under all 
conditions is clearly influenced by the type and concentration of the powder. The 
geometry changes with variations in the process conditions. Fig. 5 shows that the size of 
the welds decreases as the concentration of aluminum powder increases. There is partial 
penetration in the thickness direction at powder concentration of 0.16 mg/mm2. The 
morphology of the grain structure in the figure shows grain orientations in the thickness 
directions which indicates that the heat dissipation sequence is in the thickness 
direction. 
  
Fig. 6 shows a broader weld width when titanium was added to the substrate. The 
difference in width between the top and bottom region of the welds seem to have 
disappear unlike in aluminum treated welds which showed a clear difference between 
the top and bottom regions. However, the addition of titanium in amount greater than 
0.18 mg/mm2 forms cracks in the melt pool.  
 
 
Insert Fig. 5 here 
 
Insert Fig. 6 here 
 
The lateral dimensions of the welds were measured using Nikon MM-400L trinocular 
head measuring microscope and the results are presented in Tables 3-4. Table 3 shows 
that for a given concentration of aluminum in the melt pool the weld dimensions 
increases with energy input. The effect of aluminum addition on weld geometry 
presented results in a net change in the fusion zone (FZ) size by about 2% while the heat 
affected zone (HAZ) is around 40%.  The effect of titanium addition on weld geometry 
presented in Table 4 indicates that for a given concentration of titanium in the melt pool 
the weld dimensions increases with energy input. The size of the HAZ decreases with 
increase in the concentrations of titanium for all energy input conditions whereas there 
was no consistent pattern in the change in the size of the fusion zone FZ. The average 
reduction in the FZ size was about 14% while about 50% size reduction was obtained in 
the HAZ. This suggests that the HAZ is appropriate for analyzing the effect of powder 
addition on weld geometry rather than the FZ. The increase in titanium concentration 
did not translate to proportional decrease in HAZ size. That is the percent decrease in 
HAZ width appeared not to be significantly affected by the increase in titanium content. 
Sarker (2010) reported similar reduction in the size of the tracks produced plain carbon 
steel treated with titanium metal powder. The decrease in weld geometry achieved in 
welds treated with aluminum is smaller relative to titanium treated weld. Though, 
titanium provided higher constriction in HAZ width, it also produced cracks in the 
resolidified melt pool. 
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Table 3 Track dimensions under different energy inputs and concentrations of 
aluminum powder 
 Weld 
No 
I 
(A) 
Υ 
(mm/s) 
Voltage 
(V) 
Heat 
Input 
(J/mm) 
Normal 
Weld (mm) 
Al. Conc. 
(mg/mm2) 
Weld 
Geometry 
(mm) 
          FZ HAZ   FZ HAZ 
AL1 70 3 30 336 3.41 1.72 0.08 4.40 0.89 
AL2 90 2.5 30 518 5.9 2.07 0.08 6.01 1.35 
AL3 90 3.5 30 370 3.76 1.58 0.08 3.34 1.01 
AL4 110 3 30 528 7.34 2 0.08 7.30 1.21 
AL5 70 2.5 30 403 3.78 1.83 0.12 3.61 1.27 
AL6 70 3.5 30 288 3.05 1.52 0.12 3.49 1.05 
AL7 90 3 30 432 5.42 1.84 0.12 4.76 1.10 
AL8 110 2.5 30 634 7.89 2.4 0.12 7.10 1.35 
AL9 110 3.5 30 453 5.88 1.61 0.12 5.76 1.21 
AL10 70 3 30 336 3.41 1.72 0.16 3.92 1.30 
AL11 90 2.5 30 518 5.9 2.07 0.16 4.30 0.96 
AL12 90 3.5 30 370 3.76 1.58 0.16 5.39 1.00 
AL13 110 3 30 528 7.34 2 0.16 7.43 1.42 
 
Table 4 Combined effects of energy input and titanium concentration on weld geometry 
 
Weld 
No 
I 
(A) 
υ 
(mm/s) 
Volt 
(V) 
Heat 
Input 
(J/mm) 
Normal 
Weld 
(mm) 
Ti Conc.  
(mg/mm2) 
Weld 
Geometry 
(mm) 
          FZ HAZ   FZ HAZ 
T1 70 3 30 336 3.41 1.72 0.18 3.36 0.77 
T2 90 2.5 30 518 5.9 2.07 0.18 5.40 1.32 
T3 90 3.5 30 370 3.76 1.58 0.18 4.32 0.90 
T4 110 3 30 528 7.34 2 0.18 5.20 0.88 
T5 70 2.5 30 403 3.78 1.83 0.28 3.68 0.77 
T6 70 3.5 30 288 3.05 1.52 0.28 2.43 0.81 
T7 90 3 30 432 5.42 1.84 0.28 3.46 1.01 
T8 110 2.5 30 634 7.89 2.4 0.28 4.76 1.00 
T9 110 3.5 30 453 5.88 1.61 0.28 3.94 1.02 
T10 70 3 30 336 3.41 1.72 0.39 4.48 0.76 
T11 90 2.5 30 518 5.9 2.07 0.39 4.47 0.72 
T12 90 3.5 30 370 3.76 1.58 0.39 3.56 0.64 
T13 110 3 30 528 7.34 2 0.39 5.31 1.03 
 
XRD Analysis 
The XRD analysis of the welds processed under different concentrations of the metal 
powder was undertaken in order to identify the phase present in the resolidified melt 
pool. The XRD spectra of the welds under these conditions are superimposed on the 
spectrum of the conventional weld in Fig. 7. The phases in the spectra were identified 
via PDF card searching and matching, and these are indicated in the figure. The spectra 
in the various metal powder treated welds are quite distinct from the conventional weld. 
The spectra indicate that the phases present in the aluminum treated welds are delta-
ferrite, AlFe3C, Fe3Al, Al6Fe and AlFe3C0.5 while in titanium treated welds they are 
delta-ferrite, TiC and Fe-Ti. It is interesting to note that the peaks of the intermetallic or 
carbide phases were not significantly influenced by the amount of metal powder 
introduced. The intermetallic phases in the welds are formed through in-situ reaction 
during melting (Parashivamurthy, Sampathkumaran & Seetharamu, 2008). The spectra 
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show the absence of peaks corresponding to martensite as well as M23C6-type carbide in 
the diffractograms of powder treated welds. This suggests that these powders prevented 
the transformation of delta-ferrite to austenite which would transform to martensite 
below the lower critical temperature, and also inhibited the precipitation of M23C6-type 
carbide. They are invariably ferrite stabilizers. The absence of martensite in the powder 
treated welds may increase the degree of supersaturation of the delta ferrite in carbon 
inducing brittleness in the welds.  
 
Insert Fig. 7 here 
 
Microstructural Features  
 
The microstructure of the base metal shown in Fig. 8 reveal equiaxed grains elongated in 
the rolling direction. XRD analysis suggests that the phases present in the base metal are 
ferrite and carbide. Amuda and Mridha (2012) had reported that the microstructures of 
the conventional welds produced with different energy inputs shown in Fig. 9 consists of 
ferrite (α + δ), martensite (α') and chromium carbide (Cr23C6) precipitates. The grain 
structure in the welds reveals apparent coarse and columnar grains compared to the 
equiaxed structure in the base metal.   
 
Insert Fig. 8 here 
Insert Fig. 9 here 
 
The microstructures of the resolidified melt pools treated with varying concentrations of 
aluminum powder is shown in Fig. 10 along with that of the conventional weld 
produced at an energy input of 452J/mm for comparison purpose. The figure clearly 
demonstrates that the conventional weld exhibit large columnar and elongated structure. 
The addition of aluminum generally results in equiaxed and refined grain structure 
across all concentrations of aluminum. The grain structure slightly coarsens with 
increase in aluminum concentration though still equiaxed. However, there appears to be 
an increase in the distribution of delta ferrite in the microstructure with the increase in 
the concentration of aluminum powder. For instance, when the concentration of the 
aluminum was 0.08mg/mm2, the area occupied by the delta ferrite was less than one-
third whereas at concentrations of 0.12 and 0.16 mg/mm2, the delta ferrite occupied 
more than one-third of the area. This suggests that aluminum increases the distribution  
 
 
Insert Fig. 10 here 
 
of delta ferrite in the weld microstructure. Aluminum is a well-known ferrite stabilizer 
and the effect of changes in the concentration of aluminum on the distribution of ferrite 
in the melt pool can be evaluated with the Balmforth equivalence relationship and 
diagram (Balmforth & Lippold, 2000), [25]. The calculated Creq and Nieq in conjunction 
with the Balmforth diagram predicted that the ferrite content in the melt pool was 83, 87 
and 89% at aluminum concentrations of 0.08, 0.12 and 0.16mg/mm2, respectively. 
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However, the actual delta ferrite content in the melt pool was determined using 
quantitative microscopy with IMT image analysis software and the result presented in 
Fig. 11 shows that the percent ferrite in aluminum treated welds was about 89%, 94% 
and 95% at 0.08, 0.12 and 0.16mg/mm2 of aluminum, respectively. The slight variation 
between the measured and the predicted ferrite content is probably due to the inability 
of the Balmforth diagram to account for the influence of welding conditions 
 
Fig. 12 shows the microstructure of the welds processed with different concentrations of 
titanium powder in relation to the conventional welds. The microstructure consists of 
equiaxed and refined grain structure which is more globular and smaller than in the 
aluminum treated welds produced under similar conditions. The distribution of delta 
ferrite in the microstructure follows the trend observed in aluminum treated welds. It 
increases with increase in titanium concentration. However, welds treated with titanium 
powder higher than 0.18mg/mm2 shows the existence of cracks in the microstructure. 
 
Insert Fig. 11 here 
 
Insert Fig. 12 here 
The formation of equiaxed grains is promoted in these welds because greater part of the 
energy input was converted into the melting of the preplaced metal powder thus 
reducing the effective energy available to melt the substrate. Furthermore, the 
intermetallics formed by these powders during in-situ reaction acts as nucleation sites 
for the resolidified melt pool and also pinned subsequent growth of the grains at the 
grain boundary. However, the grain structure in titanium treated melt pool is smaller 
than that in aluminum treated welds for the same amount of energy input. This may be 
due to the higher specific heat capacity of titanium powder which implies greater latent 
heat of fusion in titanium (419 KJ/Kg) than aluminum (398 KJ/Kg). This effectively 
generates lower peak temperatures in the welds pre-treated with titanium resulting in 
welds with finer grain structure. The differential particle size of the elemental powders 
(titanium: 3 μm, aluminum: 15 μm) could also be a contributory factor. 
 
Grain Size Analysis 
 
The grain size of the welds under different concentrations of elemental metal powder 
was measured using quantitative microscopy based on Abrams Three Circle procedure 
with IMT image analysis software. Table 5 presents the effect of powder elemental 
powder additions on weld grain size under different energy input conditions in relation 
to the conventional weld. The table indicates that the grain size in the powder treated 
welds is smaller than in conventional weld across all energy inputs. However, titanium 
powder addition generated smaller grain size compared to aluminum addition. 
Specifically, grain size in titanium treated welds range 10-17 μm while the size in those 
treated with aluminum powder range 28 μm – 33 μm at the various energy input 
conditions. The greater reduction obtained in the grain size of the weld region with 
increasing powder concentration irrespective of the energy input is alluded to the 
creation of more sites for heterogeneous nucleation of grains. Furthermore, the increase 
in concentration of the powder draws more energy from the melting torch. This reduces 
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the effective energy available for the formation of the melt pool resulting in lower peak 
temperature and prevents grain coarsening. Thus the prevalence of more sites for 
heterogeneous nucleation combined with lower peak temperature at higher 
concentration of aluminum powder combined to produce smaller grain structure in the 
resolidified melt pool. The level of grain refinement obtained from a particular powder 
addition can be evaluated using the grain refinement index (GRI). The concept of GRI 
is well discussed in Amuda and Mridha (2012) [26].  The GRI associated with each of 
the elemental powder presented in the table indicates that titanium treated weld 
exhibited GRI of about 80 percent unlike aluminum treated weld which has a GRI of 
about 30 percent.  
 
 
Mechanical Analysis 
 
Microhardness 
The hardness distribution across the resolidified melt pool was measured at 1 mm 
interval in the transverse direction. Fig. 13 shows the transverse hardness profile of the 
resolidified melt pool treated with different concentrations of aluminum powder. The 
hardness distribution in the aluminum powder treated track is generally similar to the 
distribution in the conventional weld. The hardness profile increases as the amount of 
aluminum powder in the melt pool increases. A maximum hardness of about 370 VHN 
developed in the welds treated with 0.16 mg/mm2 of aluminum powder. The plots show 
that at positions away from the weld centerline the hardness values at all concentrations 
of aluminum converged to about 200 VHN. This indicates that the metallurgical 
reaction taking place during the melting process is confined to the melting zone. The 
high hardness in the resolidified melt pool is due to the formation of complex iron-
alumino carbides from the reaction between iron, carbon and aluminum in the fusion 
zone. These carbides are nucleated on the grain boundary. The higher hardness value 
associated with the increase in the concentration of aluminum suggests that there is a 
direct relationship between the hardness of the resolidified melt pool and the aluminum 
concentration. Literature reported similar increase in the hardness in vacuum induction 
melted iron-aluminide alloy. This was attributed to the formation of iron-aluminide 
intermetallics in the matrix of the alloy. Similar higher hardness was equally obtained in 
low carbon alloy steel coated with iron-aluminide. However, in the present work, it 
seems the increased hardness observed in the weld is due to the presence of complex 
ternary iron-alumino carbide rather than binary iron-aluminide intermetallics since the 
XRD spectra (Fig. 7) indicates the presence of such ternary iron-alumino carbides in the 
microstructure which has not been hitherto reported.  
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Table 5 Effect of metal powder addition and heat input on weld grain size and GRI  
Type of Powder Powder 
Concentration 
(mg/mm2) 
Heat Input 
(J/mm) 
Grain Size (µm) GRI 
 Powder Treated 
Welds 
CW 
Al 
0.08 
336 28.67 31.46 0.1054 
432 29.76 35.41 0.1858 
528 32.12 36.6 0.1418 
634 31.68 39.47 0.2260 
     
0.12 
336 26.45 31.46 0.1882 
432 27.29 35.41 0.2674 
528 28.65 36.6 0.2519 
634 30.28 39.47 0.2669 
     
0.16 
336 25.73 31.46 0.2166 
432 24.60 35.41 0.3555 
528 26.73 36.6 0.3123 
634 28.06 39.47 0.3310 
      
      
Ti 
0.18 336 28.67 31.46 0.1054 
 432 29.76 35.41 0.1858 
 528 32.12 36.6 0.1418 
 634 31.68 39.47 0.2260 
     
0.28 336 26.45 31.46 0.8092 
 432 27.29 35.41 0.8317 
 528 28.65 36.6 0.7269 
 634 30.28 39.47 0.7321 
     
0.39 336 25.73 31.46 0.2166 
 432 24.60 35.41 0.3555 
 528 26.73 36.6 0.3123 
 634 28.06 39.47 0.3310 
 
 
Insert Fig. 13 here 
 
The hardness distribution across the welds in titanium treated weld shown in Fig. 14 
follows the same trend obtained in aluminum treated welds but at a much higher values. 
The figure indicates that the maximum hardness in titanium treated welds is 620 VHN 
which is about two folds higher than the hardness value in conventional weld and about 
68 percent higher than that in aluminum treated welds. It is however significant to note 
that the hardness reduced to about 500 VHN when the titanium concentration was 
increased to 0.39 mg/mm2. Microstructural analysis established that this was due to 
incomplete melting of this concentration of preplaced powder. The hardness curve of 
titanium treated welds exhibited well defined distinction between the regions affected 
by the energy input and those away from it unlike the aluminum treated welds. The high 
hardness in titanium treated welds is due to the formation of TiC from the reaction 
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between the preplaced powder and carbon from the liquid melt. The TiC intermetallics 
are hard particles, thus are responsible for the development of the high hardness in the 
resolidified melt pool. 
 
Insert Fig. 14 here 
 
Analysis of Tensile Strength of Powder Treated Welds  
 
The tensile strength of welds treated with elemental metal powder presented in Table 6 
shows that the tensile strengths of the powder treated welds are lower than that of the 
conventional welds across all energy inputs. Tensile strength in titanium and aluminum 
treated welds are in the range 270Mpa - 300MPa, and 220 MPa – 370 MPa, 
respectively. The pattern of the strength distributions in the weld is inconsistent in 
relation to metal powder concentration but the trend in terms of energy input is very 
clear. Tensile strength decreases with increasing energy input.  
 
 Table 6 Combined effects of energy input and metal powder addition on tensile and 
weld relative ductility of powder treated welds   
Type of Powder Powder 
Concentration 
(mg/mm2) 
Heat Input 
(J/mm) 
Tensile (MPa) GRI 
 Powder Treated 
Welds 
CW 
Al 
0.08 
336 28.67 31.46 0.1054 
432 29.76 35.41 0.1858 
528 32.12 36.6 0.1418 
634 31.68 39.47 0.2260 
     
0.12 
336 26.45 31.46 0.1882 
432 27.29 35.41 0.2674 
528 28.65 36.6 0.2519 
634 30.28 39.47 0.2669 
     
0.16 
336 25.73 31.46 0.2166 
432 24.60 35.41 0.3555 
528 26.73 36.6 0.3123 
634 28.06 39.47 0.3310 
      
      
Ti 
0.18 336 28.67 31.46 0.1054 
 432 29.76 35.41 0.1858 
 528 32.12 36.6 0.1418 
 634 31.68 39.47 0.2260 
     
0.28 336 26.45 31.46 0.8092 
 432 27.29 35.41 0.8317 
 528 28.65 36.6 0.7269 
 634 30.28 39.47 0.7321 
     
0.39 336 25.73 31.46 0.2166 
 432 24.60 35.41 0.3555 
 528 26.73 36.6 0.3123 
 634 28.06 39.47 0.3310 
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Influence of Grain Refinement on Weld Ductility 
The effect of the addition of metal powder in the melt pool on ductility is equally 
presented in Table 6. The table indicates that the ductility of the conventional weld is 
greater than those of welds treated with metal powder. Ductility is equally dependent on 
the amount of powder. For instance, in welds treated with 0.08 mg/mm2 aluminum 
powder, ductility is about 18 percent whereas at greater than 0.08 mg/mm2, the ductility 
is just about 8.5 percent. In titanium treated welds, ductility is quite low at about 7 
percent irrespective of the powder concentration and energy input. 
 
In order to put the performance of the grain refinement strategies in perspective, the 
ductility of the welds under different amount of metal powder and energy input was 
related to the ductility of the base metal in the form of relative ductility scale. The 
relative ductility scale is a ratio of the ductility of the weld under a given grain 
refinement condition to that of the base metal. The relative ductility curve shown in Fig. 
15 indicates that the aluminum treated welds gave 50 - 65% of the base metal while in 
those welds treated with titanium is quite low at about 20% on the average. This is 
almost half of the ductility of the conventional weld. Mohandas et al. (1999) reported 
similar reduction in ductility of AISI 430 FSS welds treated with crushed titanium 
sponge and arc melted using SMAW or GTAW process. 
A major finding is that the mechanical property in welds may not be influenced by the 
grain size/morphology alone. Titanium powder treated welds provided the smallest 
equiaxed grains of all the metal powders yet exhibited very poor ductility relative to the 
conventional weld. Lippold and Kotecki (2005) indicated that metallurgical factors such 
as the amount and distribution of martensite, precipitate or delta ferrite might equally 
affect the mechanical properties of weld. In the present investigation, the loss in 
ductility as well as tensile strength in titanium treated welds despite the refined grain 
structure of the weld pool might be due to the embrittlement induced in the weld by the 
presence of TIC which is a hard phase as well as the increased distribution of delta 
ferrite associated with elemental metal powder addition.  
 
Insert Fig. 15 here 
Fractography of the Welds 
 
The fractographic features of the welds treated with different metal powders in 
comparison to the conventional weld shown in Fig. 16 demonstrates that the fracture 
was by dimple-fracture mode in aluminum powder treated welds (Fig. 16b) and 
basically brittle cleavage in those treated with titanium powder (Fig. 16c). The facets 
structure in conventional weld (Fig. 16a) is elongated and oriented in the direction of 
fracture. The addition of metal powder reduces the facet size and changed the elongated 
morphology in the welds to equiaxed structure. The fracture points occurred at the 
interface between the FZ and the HAZ in all the metal powder treated welds except in 
the conventional welds where the points were located at the FZ. 
 
 
Insert Fig. 16 here 
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Conclusions 
i. The topographies of the welds treated with elemental metal powders show 
narrower surface profile relative to the conventional welds processed under the 
same energy input conditions. However, titanium treated welds exhibited rough 
surface characteristic with discontinuous track. 
ii. The addition of metal powder constricted the weld geometry relative to the 
conventional weld. Titanium powder provided greater constriction of about 50% 
of the size of the HAZ relative to that of aluminum treated welds of about 38%. 
iii. Elemental metal powder addition in the melt pool generated equiaxed and 
refined grain structure across all concentrations of metal powders. However the 
degree of grain refinement is greater  in titanium powder though it also produces 
cracks in the welds.  
iv. The formation of equiaxed and refined grain structure in the powder treated 
welds is promoted by the presence of intermetallics in the melt pool which acted 
as sites for heterogeneous nucleation and also prevented the development of 
coarse grains.  
v. The higher hardness profile in titanium treated welds relative to either aluminum 
treated welds or the conventional weld was due to the presence of TiC in the 
resolidified melt pool. 
vi. The tensile and ductility properties of titanium treated welds are 56 and 7 
percent of the base metal, respectively; whereas aluminum treated welds 
provided 81 and 45% of the base metal. The relative ductility in aluminum 
treated welds gave 50 - 65% of the base metal while in those welds treated with 
titanium is quite low at about 20% on the average 
vii. Though titanium treated welds exhibited very high grain refinement, it gave the 
least combination of property particularly a very poor ductility. This implies that 
the grain size might not be the only factor influencing the property of the welds 
but such other factors as the presence and percent distribution of delta ferrite and 
the existence of cracks in the resolidified melt pool might equally be 
contributory. 
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